We carried out extensive field surveys in the dry forest portions of Madagascar to document the species of bats occurring in these regions. These data combined with information in the literature and museum specimen records indicate that 28 species of Chiroptera occur in this region of the island, of which we documented 27 during our inventories. The community composition at sites occurring in areas of water-eroded sedimentary rock is notably different from sites on alluvial substrates. In contrast to the majority of native land mammal species on Madagascar, much of the microchiropteran fauna is not dependent on large tracts of intact forest and anthropogenic perturbations of forests may have less direct impact on their long-term survival. Conservation strategies for Chiroptera in the dry regions of the island should focus on reducing various types of human disturbance of cave environments.
INTRODUCTION
A recent evaluation of the native land mammals of Madagascar (Carnivora, Rodentia, Primates and Lipotyphla) found that 100% of the 101 described species are endemic to the island (Goodman, Ganzhorn & Rakotondravony, 2003) . This level of endemism, which is unparalleled for any single country on Earth, has considerable implications for the implementation of conservation strategies for Malagasy land mammals, particularly when overlaid on patterns of micro-endemism and the continued anthropogenic degradation of the island's natural habitats. The past 15 years has seen a considerable increase in natural history data for a wide array of land mammals, including the description of species new to science. Conservation biologists are starting to understand sufficient aspects of Malagasy land mammal natural history, distribution and status to help take the necessary steps to ensure their long-term survival (e.g. Sommer, Toto Volahy & Seal, 2002) . In contrast, little information is available on most of Madagascar's bat fauna and research on these animals, including taxonomic studies, measures of species richness and documentation of their distribution has lagged behind that of other mammals. Such details are necessary for the implementation of appropriate management activities and the lack thereof has hampered the defining of the conservation status of Malagasy bats (e.g. Hutson, Mickleburgh & Racey, 2001; CAMP, 2002) .
The bats of Madagascar are the poorest known of the island's mammal groups and few publications provide precise details about their distribution and aspects of their natural history. The major exception to this is recent work on two of the three species of Malagasy Megachiroptera (Pteropus rufus and Eidolon dupreanum), which have been the subject of several field studies (e.g. Raheriharisena, 2000; Ranivo, 2001; Bollen & Van Elsacker, 2002; Long, 2002; Hutcheon, 2003; MacKinnon, Hawkins & Racey, 2003; Ratrimomanarivo, 2003; Razakarivony, 2003) . Although other recent publications have appeared on the island's bats, most are associated with site surveys (e.g. Pont & Armstrong, 1990; Rasolozaka, 1994a ; Göpfert et al., 1995; Yoshiyuki, 1995; Goodman, 1998 Goodman, , 1999 Russ & Bennett, 1999; Bennett & Russ, 2001) or popular accounts (Hutcheon, 1994 (Hutcheon, , 1997 , and details presented in several taxonomic studies are out of date (e.g. Dorst, 1947a, b; Hill, 1993) . Peterson, Eger & Mitchell (1995) published a monograph on the island's bat fauna largely using data from field research conducted in the 1970s. More recently, Eger & Mitchell (2003) reviewed published information on the Malagasy Microchiroptera, and, based on their summary, the drier western formations have a higher species richness than the more humid eastern portion of the island. While these two reviews provide important overviews of the island's bat fauna, considerable regions remained unexplored. Over the course of the past few years we have been conducting bat surveys in the dry forests of Madagascar. This field research has helped to provide faunal information for several unknown or poorly known sites in dry areas of the island, mostly in the west, and herein we present this information and associated biogeographical and conservation status analyses.
METHODS AND MATERIALS
We surveyed 13 sites between January 2001 and August 2004. From north to south we visited the following locations as part of our bat surveys: Analamerana, Ankarana, Anjohibe, Ankarafantsika, Namoroka, Bemaraha, Kirindy (CFPF), Kirindy-Mitea, Zombitse-Vohibasia, Isalo, Mikea, St. Augustin and Tsimanampetsotsa (Table 1 ; Fig. 1 ). Nine of these sites are within reserves and parks and four are outside of any existing protected area. We have assembled bat species lists for these sites based on our field surveys, specimens housed in natural history museums and some published records. The original vegetation of large portions of western Madagascar consists of dry forest formations that show a cline of increased aridity from north to south. Levels of annual precipitation vary from 1858 mm at Ambilobe, 1503 mm at Mahajanga, 780 mm at Morondava, 496 at Morombe and 390 at Toliara (Chaperon, Danloux & Ferry, 1993) . Associated with this meteorological cline is a transition in natural forest formations. In the north and northwest, the natural formation is dry deciduous forest. Further south a longer, more pronounced annual dry season occurs. In the region between Belo-sur-Mer and Toliara there is a shift to spiny bush habitat and in this transitional area the remaining natural forested areas in the coastal zone are spiny bush and, on higher ground away from the sea, dry deciduous forest. In the northern portion of the west, dry deciduous forest also extends towards the east, particularly in the area between Ambilobe and Vohemar, passing through the Daraina region (Gautier & Goodman, 2003) . Throughout the dry regions of the island, but more pronounced in the drier central west and south, gallery forest grows along the margins of rivers.
One of the principal exposed geological strata of western Madagascar is limestone that has been heavily eroded in numerous areas by water action into karst formations. These deposits are divided into two distinct geological periods: (1) Mesozoic -dating to the Jurassic and early Cretaceous (about 195-100 million years ago) that are associated with the sites of Ankarana, Bemaraha and Namoroka and those of the middle Jurassic (172-162 million years ago) found in the Analamerana region and (2) Cenozoic -dating from the Eocene (54-38 million years ago) found in the areas around Mahajanga and along the Mahafaly Plateau in the extreme southwest (Besaire & Collignon, 1972) . These karstic areas often contain a myriad of caves and deep canyons that provide ideal roosting sites for bats. For example, in the Réserve Spéciale (RS) d'Ankarana, an area of 18 225 ha, at least 70 caves have been discovered comprising over 110 km of underground passageways (Wilson, 1987; Cardiff & Befourouack, 2003; J. Radofilao, pers. comm.) .
A substantial proportion of the survey sites reported on in this paper are associated with this limestone habitat. The Isalo Massif, in the southwestern central portion of the island, is a vast expanse of exposed soft sandstone, which in numerous areas, particularly along ancient or active river margins, has been heavily eroded and is notably ruiniform. The balance of sites reported here occur on alluvial deposits and are not associated with significant areas of exposed sedimentary rock outcrops (Kirindy (CFPF), Kirindy Mitea, Zombitse-Vohibasia and Mikea).
We used a combination of harp traps and mist nets (the majority of sets placed at ground-level) to capture bats. We placed these devices along trails, over water and at entrances to caves. Trap type, placement and effort varied between sites. Our intent was to capture as many bats in as wide a variety of microhabitats as possible in order to have the best estimate of local species richness based on presence-absence data. In some caves we used longhandled sweep nets or bucket traps to catch bats roosting on the ceiling. We also obtained information on bat species living synanthropically in local villages close to the study areas. Voucher specimens were saved at most sites and are housed at the Field Museum of Natural History (FMNH), Chicago and the Université d'Antananarivo, Département de Biologie Animale (UADBA), Antananarivo. We also examined specimens held in The Natural History Museum ( Given that some species of Malagasy bats are difficult to identify in the hand and the taxonomy of several genera is in a state of flux, we have relied extensively on verified specimen records. The Pteropodidae, which can be identified in flight and easily in the hand, are the exception. A few microchiropteran species have been cited in the literature or in unpublished reports as occurring at the sites we review but were not documented at these localities during our surveys. In such cases, when specimen or photographic documentation is unknown to us, these taxa are not presented in our site tabulations. We have followed the higher-level and generic classification of Simmons (2005) and, for species, that of Peterson et al. (1995) . To this latter work we have added information from Goodman & Cardiff (2004) , Goodman & Ranivo (in press) and Goodman, Ranivo & Cardiff (unpublished results) .
In order to compare the faunal similarity of bats between each pair of surveyed sites, we used Jaccard's coefficients, which were then analyzed using the SYSTAT cluster programme (linkage, complete; distance, Euclidean). Jaccard coefficients of similarity represent relatively reliable estimates of community similarity although they may present some bias (Real & Vargas, 1996) . To address certain conservation issues, we present a basic GAP analysis to examine which species are not occurring or are poorly represented within the current protected areas system. For the purpose of describing patterns of occurrence, we define forest-dependent species as those animals that require largely intact-forested habitats at any point during their life cycle.
RESULTS
In total 27 species of bats were recorded during these surveys at 13 sites, 24 Microchiroptera and three Megachiroptera (Table 2) . Amongst the Molossidae we found a few species occurring in human dwellings. The two sites with the highest species richness are Ankarana in the north and St. Augustin in the southwest with 14 species Documented records based on specimens or captured individuals are denoted with '+'. 'S' indicates sight record, which includes flying, feeding and roosting individuals. In several cases commensal Data based on non-commensal species occurring at these sites (see Table 2 ).
and Bemaraha in the central west with 16 species. At St. Augustin two species (Chaerephon leucogaster and Mops leucostigma) occurred in human-dwellings and at Bemaraha one species (M. leucostigma) was found only as a synanthropic and one other (Scotophilus sp. nov.) was documented outside the protected area limit. The lowest species richness was five at the southern-most surveyed site of Tsimanampetsotsa, in the heart of the dry spiny bush.
For the majority of sites surveyed, the number of bat species known to occur locally was augmented considerably as compared to earlier literature. For example, Nicoll & Langrand (1989) list one species of bat, a Megachiroptera, for the Parc National de l'Isalo, while we documented 12 species of bats there, including one new to science (Chaerephon jobimena) and another previously known only from the holotype (Tadarida f. fulminans). At least 34 bat species are currently documented to occur on Madagascar (Eger & Mitchell, 2003; Goodman & Cardiff, 2004; Goodman et al., unpublished results) and the bat fauna of the dry forests represent about three-quarters of that known on the island.
Several species occur across most of the surveyed zone (Table 2) , a distance of 1300 km from the northern to southern-most sites. These include, for example, Eidolon dupreanum, Hipposideros commersoni, Triaenops rufus and Miniopterus manavi. Other species have broad distributions but do not reach Tsimanampetsotsa, the southern limit of the surveyed area (i.e. Pteropus rufus, Myotis goudoti, Miniopterus gleni and Otomops madagascariensis). Another suite of species, that have patchy distributions, occur at a few sites as synanthropics and at other sites in natural situations; these consist of members of the Molossidae (Mormopterus jugularis, Chaerephon leucogaster and Mops leucostigma).
On the basis of the biogeographical analysis with the Jaccard's coefficient (Table 3) , there are differences in the taxonomic composition of bat communities occurring in areas of limestone, sandstone and alluvium (Figure 2 ). Most notable in this regard are non-coastal sites resting on alluvial soils, several of which form a separate cluster within the analysis (Ankarafantsika, Kirindy (CFPF) and Zombitse-Vohibasia). The other two sites occurring on alluvium, both close to the coastal zone, are Mikea and Kirindy-Mitea. In this case these study areas cluster with those on sedimentary rock, but as a subgroup with the species-poor site of Tsimanamanpetsotsa. The balance of the sites on limestone completes the second cluster (Ankarana, Analamerana, Namoroka, Anjohibe, Bemaraha and St. Augustin), while the sandstone site of Isalo forms the outlier to the sub-cluster of Ankarana and Analamerana.
DISCUSSION
Given the difficulty in capturing certain groups of freeliving bats and the different techniques and efforts used to inventory the various sites reported on in this paper, there are potential problems in comparing measured levels of species richness between sites. On the basis of the capture techniques used outside of cave settings, canopy foragers may be under-represented amongst the captured species and most notable in this regard are molossid bats. At the dry forest sites resting on alluvial soils, we used nets and harp traps erected in forest or open habitats and capture rates were notably lower than those associated with sedimentary rock sites. At several of the limestone areas bat capture was entirely or largely restricted to cave entrances (i.e. Ankarana, Anjohibe, St. Augustin, Tsimanampetsotsa), while at several other sites a proportion of capture effort was within the forest, along river and stream margins, or in open areas (i.e. Analamerana, Namoroka, Bemaraha, Isalo). A comparison at the sites where bats were trapped both at cave entrances and away from such roost sites and in forest shows few differences in the species captured. Table 2 were used to calculate Jaccard's coefficients, which are presented in Table 3 , and exclude known or presumed records of synanthropic species. Sites in italics are those resting on alluvium and those in non-italics rest on sedimentary rock (limestone and sandstone). Distances are Euclidian distance coefficients. and S. robustus were also captured within the park. On the basis of these comparisons and since only one bat species known from the dry areas of Madagascar was not captured during these surveys (see below), it would appear that our measures for establishing local species richness at the different sites is largely complete. Given that our surveys were conducted at different times of the calendar year and that nothing is known about migratory movements and hibernation of Malagasy bats, it is difficult to interpret what affect seasonality might have on our measures of species richness at the various sites.
Using the accounts of the Malagasy chiropteran fauna of Madagascar presented in Peterson et al. (1995) and some other works, we did not document the occurrence of one bat species, Nycteris madagascariensis (family Nycteridae) that reportedly occurs in dry portions of Madagascar. This species is only known from two specimens, which were obtained in the 'Vallée de la Rodo' (Grandidier, 1937) , which is presumed to be the Irodo River valley. This site is close to, or at the edge of, the Réserve Spéciale d'Analamerana, which is one of our study sites. Thus, of the 28 bat species known from dry areas of Madagascar, based on previously published information or the records presented herein, 27 were recorded from our survey sites (Table 2) .
On the basis of our field research and previous specimen records a few other bat species are apparently uncommon in the dry portions of the island. These include Mops midas miarensis, which has been collected in the Parc National de Zombitse-Vohibasia (Rasolozaka, 1994a) and the Toliara region (Peterson et al., 1995) . This species has recently been found in the Ranobe area north of Toliara (Goodman & Cardiff, 2004) , within 20 km of one of our Mikea Forest sites, and also as a synanthropic at Ambovombe in the south (Goodman, unpublished results) .
A few dry region species are known only from a small number of sites that are widely dispersed across this region (e.g. Chaerephon jobimena and Otomops madagascariensis), while others have been recorded from only a few localities in the west, but are known from the east (e.g. Scotophilus robustus). However, within the dry region bat fauna there are a few species that are rather localised. Triaenops auritus is only known from the northern end of the island from the sites of Ankarana and Analamerana (Ranivo & Goodman, unpublished results) . It has an apparently non-overlapping range with its sister taxa, T. furculus, which occurs to the south. The distibution of Mops midas is described above. Other than the holotype collected in the central highlands near Fianarantsoa, Tadarida fulminans is known only from the Isalo region (Goodman & Cardiff, 2004) , which is the same area from which Neoromicia malagasyensis was first described and subsequently recollected (Goodman & Ranivo, 2004) . The only known site for Coleura sp. on the island is one cave in Ankarana, but this species may occur rather locally in the northern region. Finally, Scotophilus sp. nov. is known from a few specimens from Bemaraha south to near Sarodrano and S. cf. borbonicus from a single specimen obtained at Sarodrano (Goodman et al., in press ).
The sucker-footed bat, Myzopoda aurita, is considered to be an eastern humid forest species but Schliemann & Goodman (2003) had previously reported its occurrence from the Mahajanga area based on an older specimen record. In April 2003 we captured this species at the edge of a marsh in the Parc National d'Ankarafantsika. This is the only case of this bat being found at one of our western bat survey sites reported on in this paper. What appears to be an undescribed species of Pipistrelluslike vespertilionid has been collected only in the Kirindy (CFPF) forest.
Two general patterns emerge from the bat survey data with respect to species distribution and community structure. First, there is no clear evidence of a north-south cline in species richness and in the southwestern dry spiny bush area, here represented by Tsimanampetsotsa, there is a drastic reduction in species richness (n = 5) compared to more northern sites. At Tsimanampetsotsa, which receives less than 400 mm on average annual rainfall, fruits for Megachiroptera or flying insects for Microchiroptera may show steep cycles in abundance and food availability may be rather limited during a significant portion of the year. However, the site of St. Augustin, which is in the same climatic regime as Tsimanampetsotsa, has 14 documented bat species and it is clear that simple models based on rainfall cannot explain biogeographical patterns associated with species richness of bats in western Madagascar.
The second general pattern is that zones with karst limestone formations have higher species richness than those in other geological formations. The caves, fissures and faults of these areas provide excellent sites for a variety of bat species to rest and breed. This aspect is clear when sites at the same general latitude are compared. For example, Bemaraha is part of an extensive limestone region and 14 species (excluding those species found just outside the reserve) have been recorded locally while that of Kirindy (CFPF) resting on alluvium has nine species. Another example is that of two coastal sites, St. Augustin, composed of limestone caves and containing 12 species (excluding synanthropic species), and the northern Mikea forest, resting on alluvium and containing nine species. However, in contrast to this pattern, two inland sites, Isalo and Zombitse-Vohibasia, are not in areas with exposed limestone but have relatively high measures of bat species diversity. Isalo rests on a vast zone of exposed soft sandstone, which in numerous areas, particularly along ancient or active river margins, has been heavily eroded and is notably ruiniform. In Isalo there are numerous rock overhangs and fissures for bats to roost in and this area, thus, show parallels to the limestone sites. In contrast, the Zombitse-Vohibasia forest is on the eroded alluvial deposits of the Isalo sandstone. To our knowledge, there is no exposed sedimentary rock deposit within this forest block. Presumably bats living in the area use vegetation in various forms for their daily resting sites. For example, large standing baobabs (Adansonia) with hollow sections might serve as roosts. Further, the vegetation of this forest shows some transitional elements from eastern humid forests (Gautier & Goodman, 2003) and seasonal variation may be less pronounced here than in sites further to the west, thus accounting for a slightly higher measure of species richness than in more western sites. Areas with greater sedimentary rock and cave availability, therefore, appear to indeed have greater bat species richness.
The emergence of improved models of Malagasy bioclimatic regions will allow more intricate GAP analyses using programmes such as GARP or other biogeographical analyses for bats in Madagascar. Biologists have successfully conducted such analyses for bats in Israel (Yom-Tov & Kadmon, 1998) and South Africa (Gelderblom et al., 1995) . If combined with additional bat surveys, such analyses could further refine our understanding of bat distribution and conservation on Madagascar.
CONSERVATION
The patterns of occurrence of bats in the dry regions of Madagascar observed through our work have important consequences for conservation of Malagasy bats. The patterns suggest that northern sites with sedimentary rock may have more species and further inventories might find more species in such areas. The notable exception to this is St. Augustin, a limestone area, which has 12 species of non-synanthropic bat species. In addition, the patterns suggest which protected areas have more important bat species richness and to what extent Malagasy bats of the dry regions are adequately represented in the current protected area network.
Several species occurring in western Madagascar are also known from sites in the humid regions of the east, including several reserves and parks, and may receive additional protection in those areas. These include the nonsynanthropic species Pteropus rufus, Eidolon dupreanum, Rousettus madagascariensis, Hipposideros commersoni, Myzopoda aurita, Myotis goudoti, Scotophilus robustus and Miniopterus manavi (Peterson et al., 1995; Eger & Mitchell, 2003; Goodman & Cardiff, 2004; unpublished results) . Furthermore, several species recorded in the west also occur in the east and are generally synanthropicthese include Mormopterus jugularis and Mops leucostigma.
Only two of the 27 bat species documented in the dry areas of Madagascar in the context of this project do not occur in a protected area. This first species 'Pipistrellus' sp. 1 is known only from the Kirindy (CFPF) forest to the north of Morondava. This site, which is composed of dry deciduous forest, is a logging concession of nearly 120 km 2 that is part of a much larger forested area known as the Menabe. The only current protected area within the Menabe is the RS d'Andranomena, just to the south of the Kirindy (CFPF) concession, which was not amongst the sites we surveyed in the context of this project. It is assumed that 'Pipistrellus' sp. 1 has a broader range than currently known in the central deciduous forests of western Madagascar. The second species, Scotophilus cf. borbonicus, is only known from a single specimen collected by A. Grandidier near Sarodrano in 1868. Given that this site has been extensively surveyed over the past few years and no further evidence of this species was found, it has been proposed that this individual may have been a vagrant to Madagascar (Goodman & Jenkins, unpublished results ).
An additional seven species have only been recorded from a single protected area. In a few cases we presume that these taxa are widespread in various portions of the island and simply in low density or difficult to capture (Tadarida fulminans, Mops midas and Scotophilus robustus), while in other cases certain species may have limited geographical distributions within the dry portions of Madagascar (Coleura sp., Myzopoda aurita, Scotophilus sp. nov. and Neoromicia malagasyensis). Four other taxa are known only to occur within their dry forest distribution in two protected areas and two of these are only known to occur in western Madagascar: Triaenops auritus is confined to the northern portion of Madagascar and appears to be broadly distributed in karstic regions of the Antsiranana Province; we know relatively little about the distribution of Pipistrellus sp. 2 cf. kuhlii. The other two species, Mormopterus jugularis and Taphozous mauritianus, are known to have broad distributions. Fifteen out of the 27 dry region species documented in the context of our research are known from three or more protected areas. The three species of Pteropodidae occurring on Madagascar, two of which are considered of conservation concern (MacKinnon et al., 2003) , are well represented in dry region protected areas.
Our studies suggest that many species of bats in the dry regions of Madagascar may not rely on forest cover for roosting and foraging. Several of the sites we studied are not within relatively intact-forested zones. For example, the caves of Anjohibe are at least 30 km from degraded forest and those of St. Augustin are within a short distance of heavily degraded spiny bush coastal habitat. Thus, based on current information, the assumption that the species do not seasonally migrate between forested and non-forested areas, and the definition presented above, bat species occurring in these caves are not forest-dependent. Of the 27 bat species known to occur across the dry portion of Madagascar, 17 (Pteropus rufus, Eidolon dupreanum, Rousettus madagascariensis, Hipposideros commersoni, Triaenops furculus, T. rufus, Taphozous mauritianus, Mormopterus jugularis, Chaerephon leucogaster, Mops leucostigma, M. midas, Otomops madagascariensis, Scotophilus sp. nov., Scotophilus cf. borbonicus, Myotis goudoti, Miniopterus gleni and M. manavi) were recorded at these two sites. Of the remaining 10 species, five species can be removed from the list of possible forest-dependent species because of the habitats in which they have been captured at other sites; these include Myzopoda aurita in marshy habitat dominated by Ravenala, Chaerephon jobimena recorded in a zone of heavily degraded spiny bush forest, Tadarida fulminans occurring in non-forested canyons, Pipistrellus sp. 1 in open palm savanna and sand dune habitat and Neoromicia malagasyensis in palm savanna and nonnative gallery forest. On the basis of current information, five species are possibly forest-dependent (Triaenops auritus, Emballonura sp. nov., Coleura sp., Scotophilus robustus and Pipistrellus sp. 2). These data, combined with ongoing field studies of dry forest bat ecology, indicate that the chiropteran community occurring in the dry regions of Madagascar is largely not forest-dependent and that disturbance of bats at cave roosts and hunting may present a greater threat than forest loss for many of these animals. This is in stark contrast to native Malagasy land mammal species that are for the most part forestdependent and considerably affected by human habitat degradation, specifically forest clearing for agricultural purposes and various other types of exploitation. Further work on habitat use of these bat species will help reveal the importance of forest to their conservation.
Caves are amongst the most vulnerable ecosystems in the world (Watson et al., 1997) and are not necessarily covered in standard protected area networks (Redford et al., 2003) . Human use of caves has a wide variety of impacts, which can have a cumulative negative impact on local animal populations. Throughout the dry regions of Madagascar, both in protected areas and non-protected areas, cave roosting bats are subjected to various forms of human perturbation ranging from mineral and guano exploitation, uncontrolled tourist visit to collection for bush meat. In addition, climate change may render caveroosting bats more vulnerable to human disturbance of their habitat (Scheel, Vincent & Cameron, 1996) . On the basis of current information we conclude that the greatest threat to Madagascar's bat species occurring in the dry regions of the island is human utilisation of caves and conservationists ought to give additional consideration to the protection of such sites for these animals, particularly those species that are dependent on caves during different portions of their life-cycles.
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